Laboratory and clinical investigations of reperfusion of ischemic myocardium have revealed several previously unrecognized phenomena concerning regional myocardial contractile function. Perhaps the most significant of these was the discovery in experimental and clinical studies that even after prolonged regional ischemia, recovery of contraction could occur in the involved zone. Two associated phenomena were also described, which have come to be known as myocardial "stunning"' and myocardial "hibernation. "2.3 Stunning is a reversible form of contractile dysfunction that can occur after restoration of coronary blood flow following a relatively brief period of coronary occlusion, as originally described by Heyndrickx et al,4 but can also be observed in a variety of other experimental and clinical settings ranging from postexercise to postthrombolytic conditions when an ischemic condition is followed by reperfusion. Whether its etiology is always the same in these various settings is unknown. Myocardial hibernation is a term first used by Rahimtoola2 for a postulated condition of chronic sustained abnormal contraction due to chronic underperfusion in patients with coronary heart disease in whom revascularization or an improved oxygen supply-demand relation could cause recovery of regional function. This postulated condition may bear some relation to the phenomenon of low-flow "perfusion-contraction matching" that we have described in several acute and sustained conditions of experimental ischemia in which there is some residual blood flow.5 Hibernation and stunning could occur separately or together during prolonged partial ischemia (either prolonged low flow, or periods of low flow alternating with reflow and stunning as the cause of sustained contractile dysfunction). However, it seems likely that whether perfusion and contraction are appropriately "matched" during the ischemic period will determine whether prolonged ischemic contractile dysfunction will be reversible. In this brief discussion, I focus primarily on the role of perfusion-contraction matching in several acute and sustained ischemic states, its possible relation to hibernation (which has been variously defined), and its potential implications for clinical therapy. Emphasis will be placed on regional contractile function because regional rather than global ischemia usually occurs in the clinical setting and a number of features of contraction are unique to regional ischemia,6 although it is implicit that changes in regional contraction also usually affect global left ventricular function.
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Acute Perfusion-Contraction Matching During Partial Coronary Stenosis Flow-Function Relation Under Resting Conditions
The relation between regional transmural blood flow distribution (radiolabeled microspheres) and regional myocardial function assessed as systolic wall thickening (ultrasonic crystals) was examined in open-chest dogs during graded reductions in coronary flow, and changes in systolic wall thickening were shown to correlate closely with decreases in subendocardial blood flow but poorly with subepicardial blood flow.7 These studies demonstrated that the level of inner-wall perfusion during regional ischemia has a central role in determining transmural wall function. Studies by others8 showed function to correlate with inner-wall flow in different regions of the left ventricle at several time intervals after coronary occlusion in conscious dogs.
In resting conscious dogs trained to lie quietly, progressive steady-state reductions in total circumflex coronary artery inflow were produced by inflation of a hydraulic cuff, with return to control conditions between each flow change.9 A nearly linear relation was found between reductions in left regional ventricular subendocardial blood flow and regional systolic wall thickening in individual animals as well as in the grouped data. Again, there was a poor correlation between systolic wall thickening and outer-wall blood flow and a moderately good correlation with transmural blood flow.9 It was observed, for example, that when percent systolic wall thickening during ejection was reduced by 40%, subendocardial blood flow was reduced by approximately 50% while subepicardial flow remained normal, and severe contraction abnormalities developed only when epicardial blood flow began to diminish.9 A nonlinear relation between subendocardial flow and subendocardial segment function was described by Vatner10 in conscious dogs. In those experiments, grouped data showed a considerable decrease in regional flow before a change in segment function occurred, but it seems possible that some animals were nonbasal because the average resting flow was relatively high.
These studies on regional flow-function relations during ischemia at rest indicate that a close coupling exists between the supply of myocardial substrates, including 2, of which the regional coronary blood flow provides a rough measure, and myocardial energy demand, as reflected in the steady-state level of regional contractile dysfunction. Thus, under these acute conditions, contraction decreased and remained at a reduced steady-state level commensurate with, or "matched to," the available blood supply.
The reasons for the dominant role of inner-wall blood flow in determining regional wall contraction are not entirely clear but may relate to the fact that approximately two thirds of transmural wall thickening during ejection occurs in the inner one half of the left ventricular wall" as well as to possible tethering effects of subendocardial dysfunction on outer-wall function.12"13
Flow-Function Relation During Exercise
Graded levels of circumflex coronary artery stenosis were produced by means of a hydraulic cuff in conscious dogs exercising on a treadmill. Steady-state levels of reduced flow and contraction were produced for approximately 3 minutes during each exercise bout, with return to control conditions between runs, while regional systolic wall thickening and regional myocardial blood flow distribution were determined. '4 A curvilinear relation was found between subendocardial blood flow and regional wall thickening in the ischemic zone, the curvilinearity relating mainly to the relatively high resting flows in dogs standing on the treadmill without coronary stenosis.14 These data during exercise were then normalized by expressing wall thickening as a decimal fraction of the resting value and subendocardial flow as a fraction of the resting value per beat to normalize for the large differences in heart rate between rest and exercise. These data were then plotted on the same graph as the resting flow-function data described above (similarly normalized), and the two relations were found to be nearly superimposable ( Figure 1A ).
This observation suggests that under these acute conditions of partial ischemia during exercise, perfusion-contraction matching also occurs. 5 Thus, regional subendocardial blood flow per beat to the inner wall appears to determine the level of regional contraction not only at rest but also under conditions In an open-chest porcine model, which allowed control of coronary blood flow to the anterior descending bed by means of a pump perfusion system, relations among regional myocardial blood flow distribution, regional function, and heart rate were further examined. Regional wall thickening was measured in the zone to be rendered ischemic; total coronary blood flow was measured by a flow meter in the pump circuit; and myocardial blood flow distribution was determined by regional injection of radiolabeled microspheres. 16 Coronary inflow was first reduced at a paced heart rate averaging 91 beats/min to diminish contractile function in the ischemic zone by approximately 70% (average percent systolic wall thickening, 6%; control value, 25%); regional blood flow to the subendocardium was reduced to 0.22 (ml/min)/g. After restoration of control conditions, the specific bradycardiac drug ULFS-49 was administered intravenously. This agent has been found to have no significant direct effect on myocardial contractility,'7 although some negative inotropic response due to the force-frequency effect was observed at the slowed rate of 54 beats/min produced in these studies.16 Coronary inflow was then reduced at the slowed heart rate to exactly the same level as during control ischemia at a heart rate of 91 beats/min, and a marked improvement of systolic wall thickening was noted compared with the initial ischemic level (25% wall thickening, which is not significantly different from control).
There was a small increase of subendocardial blood flow per minute compared with that at the higher heart rate, but the increase in subendocardial blood flow per beat was large. 16 The flow-function relation during ischemia at the slowed heart rate was then compared with the relation observed in another group of pigs studied over a range of reduced coronary inflows in the same manner but at a more rapid heart rate (average, 120 beats/min). During the slowed heart rate (54 beats/ min), the entire flow-function relation was shifted upward (Figure 1B) so that at any level of subendocardial blood flow per minute there was increased regional function at 54 beats/min compared with that at 120 beats/min. However, when the percent wall thickening values at the two levels of heart rate were plotted against the corresponding levels of subendocardial blood flow per beat, the relations were superimposable ( Figure 1C) . 16 These observations support the concept that lowflow perfusion-contraction matching in the coronnary circulation operates under a variety of conditions. In these acute studies, substantial slowing of the heart rate at the same level of reduced perfusion markedly improved regional contraction so that regional systolic contraction was again matched to the regional myocardial blood flow to the subendocardium. Although some redistribution of blood flow to the subendocardium occurred at the slowed heart rate, probably related to the increased diastolic perfusion time,18 this effect was not sufficient to explain the large improvement in contractile function because the entire curve was shifted upward ( Figure 1C) ; however, there was a much larger increase in the subendocardial blood flow per beat at the same level of total coronary inflow. Therefore, under these conditions, the beneficial effect of slowed heart rate was likely due to both diminished 02 requirements per minute and increased°2 supply per beat.5,16
Sustained Perfusion-Contraction Matching During Partial Coronary Stenosis To study an experimental model that might resemble clinical settings in which there is prolonged ischemia with sustained low flow and regional contractile dysfunction, conscious sedated dogs were trained to lie quietly on a table while partial circumflex coronary stenosis was produced for a 5-hour period using an implanted hydraulic cuff. Regional myocardial wall thickening was assessed using implanted ultrasonic gauges, and regional myocardial blood flow was measured. Sufficient coronary stenosis was produced to reduce contraction by approximately 40% and was then continually adjusted to maintain the percent wall thickening relatively constant for the 5-hour period.'9 Subendocardial coronary blood flow, measured near the end of the ischemic period, was reduced by approximately 50%. After reperfusion, delayed but complete recovery of function occurred during a 1-week period, and at postmortem examination no necrosis of the free wall was evident at the site where regional systolic wall thickening was measured, although some damage was noted in the posterior papillary muscle. 19 The reversible nature of the dysfunction after reperfusion suggests that at some time during the ischemic period, conditions developed that were conducive to the occurrence of stunning upon reperfusion (see below).
These studies demonstrated that low-flow perfusion-contraction matching can occur over an intermediate term (hours). Whether an undefined metabolic adaptation occurred during this 5-hour period to help maintain cardiac muscle viability or whether reduced contraction per se at the lowered level of aerobic metabolism accompanied by increased anaerobic glycolysis was sufficient to protect the myocardium at this moderate level of ischemia will require further studies. Regardless, it appears that myocardial energy demands were diminished by reduction of contraction to a level appropriate to the available substrate supply, allowing reversibility of the contractile dysfunction after reperfusion.
We have previously shown that reperfusion after 2 hours of complete coronary occlusion in the conscious dog could be followed by delayed partial recovery of regional function during [1] [2] [3] [4] weeks.20 It seems likely that during such occlusions in the dog, a species in which epicardial collaterals exist, partial perfusion occurred in the outer wall during coronary occlusion and that the delayed recovery reflected the stunning phenomenon in that region; however, whether other mechanisms were involved as well remains uncertain.
It should be pointed out that reversible stunning has been observed not only after 15-minute periods of coronary occlusion4,21,22 and after prolonged partial ischemia19 but also after brief periods of exerciseinduced partial ischemia.23,24 A number of mechanisms have been postulated to be involved in stunning, as recently reviewed by Bolli.25 Whatever mechanisms are responsible for postreperfusion stunning, they could become activated at some time during periods of ischemia or during reperfusion.25
Myocardial Hibernation There are differences in the definition of myocardial hibernation in the clinical and experimental literature. Rahimtoola2 first used the term "hibernating myocardium" in a discussion of the effects of coronary bypass surgery to differentiate between myocardium that is ischemic upon stress contrasted to that which is hibernating with persistently reduced contraction and decreased coronary flow at rest, terming it a "subacute or chronic stage of myocardial ischemia associated with decreased metabolism, which is reversible"; he also postulated that it may not represent ischemia "in the strict sense." More recently, Rahimtoola26 emphasized that the occurrence of this phenomenon is often painless and that evidence of it should be sought in chronic stable angina without ischemia, in unstable angina pectoris, and after acute myocardial infarction because the associated regional dysfunction may be wholly or partially reversible by revascularization. Braunwald and Rutherford3 stated that "hibernating myocardium results from months or years of ischemia and ventricular dysfunction persists until blood flow is restored."
Recent experimental studies have used the term hibernation broadly to encompass relatively brief periods of mildly reduced perfusion during which function is diminished but there is no metabolic evidence of ischemia,27 periods of severe global regional underperfusion for 2 hours during which metabolic evidence of ischemia was persistent,28 and, in a preliminary report, a period of 1 hour of mild ischemia in which abnormalities of high-energy phosphate stores were initially present but resolved with continued underperfusion. 29 It seems possible that all of these definitions may be useful, although they appear to reflect the opera- 28 or recovery of aerobic metabolism by some mechanism.29 It is possible that the expression of these mechanisms depends on the severity and duration of the blood flow reduction. Likewise, in the clinical syndrome of hibernation, whether pain and other evidence of ischemia are present may depend in part on the degree and length of coronary hypoperfusion and whether some type of adaptation has ensued.
Based on these considerations, it is proposed that perfusion-contraction matching be conveniently considered in three categories: acute perfusion-contraction matching (not defined as hibernation); sustained perfusion contraction-matching, or "short-term hibernation"; and the hypothetical condition of chronic perfusion-contraction matching, or "chronic hibernation." In all of these categories, the key features are reduced coronary blood flow, proportionately reduced regional contraction, and reversible contractile dysfunction.
Potential Clinical Implications
The findings in the above-cited laboratory research may mimic several acute and chronic clinical settings in which persistent regional hypoperfusion results in regional contractile dysfunction with low-flow perfusion-contraction matching.
Acute Perfusion-Contraction Matching
The features of acute perfusion-contraction matching and the experimental and clinical settings in which it can occur are summarized in Table 1 residual blood flow via coronary collateral vessels (or a partially patent artery) to allow perfusion-contraction matching to occur, even delayed reperfusion may have beneficial effects on contractile function. Although the lower limit of such matching remains to be defined, contraction will be absent and necrosis obviously will occur if little or no residual blood flow is available, as evidenced by the occurrence of nearly complete infarction within 1 hour after coronary occlusion in animal species without a collateral blood supply, such as the pig. 40 In patients with unstable angina pectoris, several studies have shown reversal of wall motion abnormalities after revascularization by percutaneous transluminal coronary angioplasty (PTCA) or coronary artery bypass graft surgery (CABG). [41] [42] [43] In one of these reports, persistent negative T waves and regional dysfunction in patients with unstable angina due to left anterior descending coronary artery stenosis were shown to be reversible in studies carried out an average of 6 months after PTCA.43 Such observations could be related to reversal of "shortterm hibernation" or to reversal of stunning related to repeated transient episodes of reduced coronary blood flow.
In acute myocardial infarction, the level of residual myocardial blood flow after coronary occlusion has been shown to be of importance for the success of reperfusion in restoring regional function in patients given streptokinase relatively late after the onset of chest pain (up to 7 hours) who were studied by left ventriculography early and again approximately 2 weeks later." Thus, in a group of patients without residual coronary blood flow before treatment with streptokinase, there was no improvement in regional myocardial function in the infarct zone at the late study, whereas in patients having either collateral flow or a partially patent coronary artery at the time of the initial coronary angiogram, significant recovery of the regional ejection fraction occurred in the zone perfused by the infarct-related artery. 44 In a number of other studies, improved regional and global functions have also been reported in patients with acute myocardial infarction treated by thrombolysis, provided treatment was initiated within 3-4 hours after the onset of acute infarction. [45] [46] [47] Chronic Perfusion-Contraction Matching or
Chronic Hibenation
Although suggestive evidence exists, such a phenomenon (which might last for days or months) has not been clearly documented either experimentally or in clinical coronary heart disease. Its potential characteristics and clinical expression are shown in Table 3 . If such a clinical syndrome exists, it would result from prolonged and persistent reduction of regional coronary flow associated with reduced contraction. However, many chronic coronary artery stenoses are not associated with reduced coronary blood flow at rest, and the syndrome might be mimicked by intermittent episodes of low flow with a persistent stunning effect. The potential clinical significance of such long-term perfusion-contraction matching would appear to lie primarily in the setting of chronic coronary heart disease, when clinical evidence of ongoing ischemia is not present at the time of study but regional dysfunction is present and can be improved by a revascularization procedure. If 49 An example of reversal of regional wall motion abnormalities at rest of the chronic type is the improvement of regional wall motion that has been described in some patients with chronic stable coronary heart disease after coronary bypass surgery. Several reports have described such recovery relatively early (within 2 weeks) and later (at several months) after bypass surgery,41,50-53 as recently reviewed in detail by Rahimtoola.26 Recently, such reversibility has also been reported several days after PTCA in patients with chronic stable coronary heart disease. 42 Improved understanding of the basis for these responses has been provided by studies using positron emission tomography (PET 22 (88%) showed improved wall motion 12-18 weeks postoperatively. Among the remaining 16 regions, 18FDG uptake was normal or increased but 13NH3 was decreased, and 13 (81%) showed improved wall motion at postoperative study. 54 It is in the latter group, in whom there was reduced perfusion with evidence of persistent metabolism (with abnormally increased glucose uptake in some), that chronic or prolonged perfusion-contraction matching, or chronic hibernation, may be postulated to have existed. However, serial studies in such patients are needed to document the persistence of the perfusion abnormality. In the remaining patients with reversible contraction abnormalities who had normal or increased glucose uptake and normal perfusion preoperatively. the occurrence of persistent stunning after prior episodes of regional blood flow reduction seems likely. Thus, clear-cut evidence for chronic hibernation remains elusive.
Summary
Experimental studies demonstrate that short-term regional perfusion-contraction matching, in which the energy demands of regional myocardial contraction are reduced to match the diminished myocardial substrate supply, occurs during states of low coronary blood flow under resting conditions and during exercise-induced ischemia. This phenomenon is rapidly reversible and appears to occur in several clinical settings. Sustained perfusion-contraction matching is observed in states of partial experimental ischemia of intermediate duration lasting several hours. This condition might be called short-term hibernation and resembles clinical conditions such as unstable angina pectoris or myocardial infarction with some residual perfusion in which the contractile defect can be improved by reperfusion provided the ischemia is not severe enough to cause transmural necrosis. Such experimental and clinical observations may or may not relate to the setting of regional dysfunction at rest in patients with chronic coronary heart disease, in whom manifestations of acute ischemia may be absent but improvement of wall motion abnormalities occurs after CABG or balloon angioplasty. This condition may constitute the hypothetical state of chronic myocardial hibernation, for which tentative evidence exists from metabolic and perfusion studies using PET. Whether such a condition of prolonged perfusion-contraction matching might be associated with adaptive processes that could allow its persistence for long periods without manifest ischemia remains to be investigated.
